Introduction
Chemical oxygen demand (COD) has been widely used as an indication of organic water pollution. 1 Conventional COD measurement procedures require the use of an oxidizer (K2Cr2O7 and KMnO4, the former of which contains poisonous hexavalent chromium) and comprises several steps, including heating and optical measurements. Thus, in general, the measurements are time consuming and the system is not feasible for miniaturization. Electrochemical methods for COD measurements are a possible alternative to conventional methods, are feasible for miniaturization, and do not require much time for the measurement without the use of chemical oxidizers. Amperometry, 2-7 coulometry 8 and voltammetry 9,10 using various electrode materials were employed for obtaining an electrochemical signal, which can be converted to COD value using a calibration curve.
We have developed a new and reliable method for electrochemical oxygen demand (ECOD) measurements that uses a boron-doped diamond (BDD) electrode. 11 The ECOD can be calculated from the anodic charge for total electrolysis of organic compounds in an aqueous electrolyte at a highly positive constant potential. Since the ECOD measurement can be conducted using a simple electrochemical cell, miniaturization to a portable system and automation of the measurement should be possible. In addition, this method is an absolute quantification method and requires no calibration curves for the determination of the COD.
In our previous report, 11 however, the time required for the measurement was still long (> 8000 s) and the sample concentration range was rather large. In this study, we report improved electrolytic cells for ECOD measurements that shorten the measurement time and lower the measurable concentration range. The cell structure, designed for efficient mass transfer and reduced current noise, enabled reduction in the measurement time and detection limit to practical levels.
Experimental
The BDD electrodes were prepared by microwave plasmaassisted chemical vapor deposition using a conductive silicon wafer substrate, as described in former reports. 11, 12 Three types of electrochemical cells (Types I -III) with platinum wire and Ag/AgCl electrode as the counter and reference electrodes, respectively, were employed for the investigation (Fig. 1 ). Type I cell, which was used in the previous report, 11 had a working electrode diameter of 10 mm, a Teflon cell inner diameter of around 16 mm, and an electrolyte volume of 4 mL. The sample solution (100 μL) was injected into the electrolyte with a micropipette at a position of about 1 mm below the solution surface. The Type II cell had a working electrode diameter of 6 mm, a glass cell inner diameter of 6 mm, and an electrolyte volume of 250 -400 μL. The sample solution (100 μL) was injected in the electrolyte using a syringe (23G, 60 mm) through a hexagonal hollow shaft, which can rotate around the central axis of the shaft to stir the solution. Sample injection near the 2016 © The Japan Society for Analytical Chemistry † To whom correspondence should be addressed. Electrolytic cells for electrochemical oxygen demand (ECOD) measurements based on total electrolytic decomposition at a boron-doped diamond (BDD) electrode were developed for rapid measurement of organic pollutants at low concentrations. Using improved electrolytic cells designed for efficient mass transfer, the ECOD for 10 μM potassium hydrogen phthalate (theoretical ECOD: 2.3 mg-O2 L -1 ) was determined in a relatively short electrolysis time. Thus, ECOD measurements using these cells would be useful for estimating organic water pollution in industrial waste and lake water.
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electrode surface was expected to result in a large Faradaic current just after the injection. The Type III cell had a working electrode diameter of 10 mm, a flexible polyvinyl chloride cell inner diameter of approximately 10 mm, and an electrolyte volume of 200 -400 μL. The sample solution (100 μL) was injected into the electrolyte using a micropipette at a position of about 1 mm below the solution surface. The absence of stirring allowed a thin electrolyte solution thickness (large electrode area/electrolyte volume ratio), which should enable a short total electrolysis time. Potassium hydrogen phthalate (KHP) was used as a model compound for organic pollutants. A 0.1 M Na2SO4 solution containing KHP was prepared and injected to an electrolyte solution (0.1 M Na2SO4) in the electrochemical cell with an applied working electrode potential of +2.45 V vs. Ag/AgCl.
The electric charge for the electrochemical decomposition of KHP was estimated from the I-t curve by the integration of the background-subtracted anodic current. Complete anodic decomposition of hydrogen phthalate can be expressed as shown in Eq. (1).
Thus, the theoretical electric charge for anodic KHP decomposition can be derived and was found to be 2.895 × 10 6 C mol-KHP -1 based on Faraday's law (F = 96485 C mol -1 ). The ECOD can be calculated using Eq. (2). Figure 2a indicates an I-t curve for anodic decomposition of a 3 mM KHP sample with Type I cell. The background current before sample injection became stable at 0.9 mA after application of +2.45 V vs. Ag/AgCl to the BDD working electrode for 1000 s. A linear sweep voltammetry result confirmed that KHP can be oxidized at this potential (Fig. S1 , Supporting Information). As the sample solution was injected, the anodic current increased immediately and then decreased gradually to the background current level. The background was determined from the tangent line to the I-t curve at the point just before the sample injection. The relation between the anodic charge for the electrolytic decomposition of KHP calculated from the integration of the background-subtracted anodic current and KHP concentration in the sample solution is shown in Fig. 2b . The anodic charge was directly proportional to the KHP concentration and was close to the theoretical value (solid line in Fig. 2b ). The obtained ECOD value was in good agreement with the theoretical value ( Fig. 2c ) with Type I cell; however, this cell is not useful for practical applications because of the long time required for complete anodic decomposition (9000 s), and measurement of KHP samples with a concentration below 1 mM was difficult due to relatively large current noise caused by stirring and oxygen gas evolution. To shorten the required measurement time, we reduced the electrolyte volume from 4 mL to 250 -400 μL by creating a Type II cell. Figure 3a illustrates an I-t curve for anodic decomposition of a 50 μM KHP sample. In this case, the initial background current became stable within 200 s after potential application, and a sharp increase in the anodic current was observed just after sample injection. This is because the sample was injected through the hollow shaft at the position near the electrode surface (~1 mm). The anodic charge and ECOD values obtained were in good agreement with the theoretical values, and the KHP concentration range was much lower than what can be measured with the Type I cell (Figs. 3b and 3c ). No anodic current was observed when the electrolyte solution was not stirred, possibly due to poor mass transfer of the analyte to the electrode surface. The Water Pollution Control Law, which is the ministerial ordinance that provides the effluent standard in Japan, is mandated to be <160 mg-O2 L -1 . 13 The standard for lakes is <8 mg-O2 L -1 (class C, industrial water class 2, and conservation of the environment) by the Environmental Quality Standards for Water Pollution, Ministry of the Environment, Japan.
Results and Discussion
14 Thus, the ECOD measured by this cell can be used as an alternative to the conventional COD test for indicating organic pollution in industrial waste and lake water. The electrolysis time required for complete decomposition of 10 -100 μM KHP samples was significantly reduced to 300 -1500 s (Table 1) . Sample injection near the electrode surface and the small electrolyte volume are likely responsible for shortening the measurement time, in other words, the time required for the complete electrolytic decomposition of KHP. Figure 4a indicates an I-t curve for the anodic decomposition of a 50 μM KHP sample with the Type III cell. Since the electrolyte was not stirred by a stirrer during the electrolysis, the current noise was remarkably suppressed compared with those for Type I and II cells. The anodic current was clearly seen, and the decomposition was complete within 350 s. The anodic charge and the ECOD values showed good agreement with the theoretical values in a concentration range from 10 -1000 μM (Figs. 4b and 4c) . Although the electrolyte was not stirred by a stirrer, the electrolyte solution was perturbed by oxygen and hydrogen gas bubble formation on the working and counter electrodes due to water decomposition at the highly positive potential on the working electrode, leading to efficient mass transfer in the electrolyte solution. The gas bubble formation may result in noise on the I-t curve. However, similarly to the noise caused by stirring, this noise did not affect practically the measurement of charge, which was estimated by integration of the I-t curve. For electrolysis over a short time, the electrolyte thickness should be thin; however, a thickness of 4 -5 mm was necessary for avoiding insulation of the electrolyte from the bubble. The electrolysis time for complete anodic decomposition of the 10 μM KHP sample was 140 s with the Type III cell ( Table 1 ), indicating that this cell is useful for rapid ECOD measurements, particularly for low concentration samples.
The Type II and III cells developed in this study were found to be useful for rapid measurement of ECOD, particularly for low concentration samples that cannot be measured with the Type I cell reported previously.
11
Type III cells enable precise measurement of ECOD; however, current fluctuation can be caused by external vibration. Alternatively, in a Type II cell, electrolyte stirring is controlled by the rotation of the hollow shaft and is relatively stable to an external vibration. Thus, Type III cells would be useful in laboratories with less vibrations, and Type II cells can be used in a wide range of situations, such as the monitoring of industrial waste water.
Conclusions
In this study, we developed electrochemical cells for practical ECOD measurements based on complete anodic decomposition of organic compounds at BDD electrodes, enabling measurement of low concentrations with short measurement times. Type II cells had a hexagonal hollow shaft that can rotate to stir the electrolyte solution; measure low ECOD values (2 -20 mg-O2 L -1 ) with a practical short time (300 -1500 s) and a small electrolyte solution volume (250 -400 μL); and sample injection at a position near the electrode surface (distance: ~1 mm). The Type III cell also enabled low content ECOD measurement (2 -20 mg-O2 L -1 ) in a practical short time (140 -900 s) by reducing the electrolyte solution thickness and using gas bubble evolution from electrochemical water decomposition for solution mixing. The ECOD measurements using these two types of cells will likely be useful for estimating organic water pollution in industrial waste and lake water as an alternative to conventional COD tests. In addition, ECOD measurements are feasible for eventual automation and miniaturization of the system without the use of toxic oxidizers.
